The brain concentrations of Na+, K+ and Cl~, water content and total brain osmolality were measured in six normocapnic dogs under pentobarbitone narcosis (30 mg kg" 1 ). These studies were repeated in six additional dogs after exposure for 1 h to the inhalation of halothane 1% (end-tidal); there was an increase (P< 0.05) in Na + , Cl~ and water content but no change in K+ content in the grey matter, but in the white matter only Cl~ increased (P < 0.05). These findings were associated with a decrease in total brain osmolality (P<0.05) and a negative brain-cisternal c.s.f. osmotic gradient. The changes in the grey cortical matter were interpreted as a pattern of metabolic brain oedema related to interference with water-ion transport mechanisms across cell membranes. The observed brain-c.s.f. osmolality deficit could be related to a time-lag in the intracellular water-solute adjustment or to a deficit in osmotically active brain amino acids induced by the anaesthetic agent, or both.
Disturbance in the regulation of brain water balance is a serious complication in c.n.s. disease and may result from an abnormality in the autoregulatory mechanism of the cerebral circulation or an abnormality of brain ionic homeostasis, or both. The administration of halogenated volatile anaesthetics in these circumstances may enhance the oedema in two ways: by increasing cerebral blood flow and hence intracranial volume via cerebral vasodilatation, and by altering directly c.n.s. water and electrolyte metabolism.
To verify this hypothesis we chose to study brain water and electrolyte (Na+, K+ and Cl~) distribution in the brain of normal dogs subjected to halothane anaesthesia. Although it is well established that halothane is a potent cerebral vasodilator (McDowall, 1967) , its influence upon brain water and ion distribution has not been documented. In an earlier study we reported that clinical concentrations of halothane increased the electrical impedance (1 kHz) in the normal brain of dogs (Schettini and Moreshead, 1978) . The size and ionic strength of brain extracellular •f Senior Engineer, Advanced Development, Bennett Respirators, P.O. Box 66934, Los Angeles, California 90066, U.S.A. 0007-0912/79/121117-08 $01.00 space can be estimated by impedance (van Harreveld, 1966) . Since water and ion shifts into the cell are the major contribution to the increase in brain impedance (Ranck, 1964) it was important to measure these in the brain during the inhalation of halothane in the experimental animal.
To measure brain water, ions (Na+, K+ and Cl~) and total brain osmolality in this study, we utilized the techniques of Arieff (Arieff et al., 1972 (Arieff et al., , 1973 Arieff and Guisado, 1976; Arieff, Guisado and Lazarowitz, 1977) . Our data indicate that halothane 1% (end-tidal) causes a metabolic oedema in the cerebral cortex (Rapoport, 1976) .
METHODS
Mongrel dogs (18-25 kg) of either sex were studied. The dogs were divided into two equal groups. Group I (control) was studied under pentobarbitone 30 mg kg -1 narcosis; Group II (halothane) was studied during a steady state of alveolar halothane 1% concentration. The sequence of experiments between group I and group II was randomized.
In group I dogs anaesthesia was induced with pentobarbitone i.v., the trachea was intubated and the lungs ventilated mechanically (Harvard Respirator) with an oxygen in air mixture. Ventilation was adjusted to maintain -Pa^ near normal CPa C02 4.72 kPa, SEM 0.15). Adequacy of ventilation was verified by monitoring alveolar carbon dioxide (infra-red analyser: LB2, Beckman) and by frequently measuring arterial blood-gas tensions and pH. Narcosis was maintained with pentobarbitone for a total dose not exceeding 30 nig kg" 1 (induction and maintenance) given over a 3-h period.
Anaesthesia was induced in group II with a small dose of pentobarbitone (90-120 mg) which was necessary for tracheal intubation and then the lungs were ventilated artificially as group I (Pa COi 4.39 kPa, SEM 0.17) with an air in oxygen mixture plus halothane in oxygen vapour delivered through a calibrated vaporizer (Fluotec). Alveolar halothane concentration was monitored with an infra-red analyser (LB2, Beckman) calibrated with known volumes of halothane in air mixtures before each experiment. Also, in group II dogs, arterial pressure was maintained at the pre-halothane value (± 10 mm Hg) by means of a phenylephrine microdrip infusion (10 y.g ml" 1 ). When the alveolar halothane concentration stabilized at 1 % (30 min) the halothane experiment was commenced.
To permit recording of intravascular pressures via strain gauges (Statham P23dB) and for blood and c.s.f. sampling, a femoral artery and the cisterna magna were cannulated in all dogs shortly after the institution of mechanical ventilation. All the dogs received an i.v. infusion of 0.9% sodium chloride given at 45 ml h -1 . Body temperature was maintained at 37 + 0.5 °C with a heat lamp.
The phases of the experiment for each dog included: (1) repeated measurements of arterial blood-gas tensions, pH, plasma and c.s.f. electrolytes (Na+, K+, Cl~) and osmolality; (2) removal of brain and sampling procedures; (3) treatment of brain samples for determination of total brain osmolality, Na+j K+ and Cl~ for grey and white matter and brain water content according to the methods of Arieff and colleagues (1972, 1973) ; (4) programming of the data through a microprocessor (Altair 8080, Intel. Corp., Santa Clara, California 95051) to calculate dilution factor, brain water content equations and for the analyses of variance of all the data. The time from the induction of anaesthesia to the removal of the brain and sampling was the same (150 min) in both groups of dogs.
Na+ and K+ concentrations were measured by flame photometry (Instrumentation Laboratories, Lexington, Massachusetts); Cl~ concentration by potentiometric titration (Buchler-Cotlove chloridometer); osmolality by freezing point depression (Fiske Instruments, Uxbridge, Massachusetts) and arterial blood Po 2 , Pco^ pH and HCO 3~ with a microelectrode system (BMS3, Radiometer, Copenhagen) maintained at 37 C C.
The removal of the brain and the sampling procedure were undertaken as described by Arieff and colleagues (1972) . The cranial vault was removed carefully with a trephine and rongeur, leaving the dura intact. Absorbable gelatin (Gelfoam) and bone wax were used to ensure haemostasis; a dural hook and scissors were used to raise and remove the dura mater. Then, in rapid sequence, the previously exposed carotid arteries were occluded with umbilical tapes and in less than 10 s a sample (5 g) of brain was removed with a spatula and placed in liquid nitrogen. The frozen sample was transferred to a small mortar and pulverized while under liquid nitrogen. Five samples each approximately 0.4 g were placed in boiling double-distilled water for 90 min; the freezing point depression was measured on 0.5 ml of the supernatant. Three additional samples were placed in empty tared pre-weighed bottles for the determination of the water content (Arieff et al., 1973) . The remaining cerebral hemispheres were removed rapidly and placed on filter paper, where grey and white matter representative of brain cortex were separated by blunt dissection. Three samples of both grey and white matter (approximately 0.5 g) were placed in tared conical flasks and the net weight of the individual sample was determined to the nearest 0.1 mg. After oven drying at 105 °C for 48 h they were weighed again to determine the water content of the samples. Each sample was then extracted for 24 h in nitric acid 0.75 mol litre" 1 and the concentrations of Na+, K+ and Cl~ were determined on the supernatant. In the final calculation an adjustment was made for the dilution factor (DF), expressed as: DF = nitric acid added (ml) wet weight of tissue (g) where wet weight = (weight of flask and tissue sample) -weight of flask. Brain tissue osmolality was calculated from the equation (Arieff et al., 1972) :
where Osm,; = tissue osmolality; Osnig = supernatant osmolality; H 2 O a = water added; H 2 O t = tissue water. Determinations of tissue water and added water were calculated in the manner described by Arieff and co-workers (1972) . An average of five brain tissue osmolality measurements could be obtained in brain tissue samples of four dogs, while only two measurements could be obtained in the other two dogs because of technical difficulties.
A microprocessor (Altair 8080) was programmed to calculate the dilution factor, brain water, electrolyte content equation and analyses of variance. Initially, we had considered the use of unmatched t tests for the analysis of our data. This technique of analysis was discarded because of the unequal number of observations per cell; and because repeated t tests would be required to compare the means across several factors. For these reasons, comparisons between group I (control) and group II (halothane) were made using an unweighted means analysis of variance according to the technique outlined by Winer (1971) . Although the test allowed for the variation of replicate in each cell, it does not use each point as a datum point. The level of significance was 5%.
RESULTS
The values for arterial blood-gas tensions, pH, plasma, cisternal c.s.f. concentrations of Na+, K + and Cl~ and osmolality are presented in table I. The differences between group I (control) and group II (halothane) are not significant. Although c.s.f. Na+, K+ and Cl~ decreased with halothane, c.s.f./plasma ratios for these ions were still within the normal range.
In table II, Na+, K+ and Cl-~ concentrations and percentage of water for both grey and white matter in group I are compared with the values reported by other investigators for normal dogs and rabbits. We have included data for rabbit brain because the rabbit appears to have die same electrolyte concentration as the dog and because data on dog brain Cl~ are inadequate. Our measurements for group I (control) fall within the same range of values reported by other researchers as normal for dogs and rabbits. Exceptions must be made for the values of Pappius (1967) From this, a mean uptake of 3.7% water was computed. In the white matter only Cl~ increased significantly (P<0.05). However, the osmolality measured for the whole brain decreased significantly (P<0.05) under halothane anaesthesia (table III) .
A comparison of plasma, cisternal c.s.f. and brain osmolality shows that in group I (control) the brain/ plasma and brain/c.s.f. osmotic gradients were + 3.9 m osmol and +0.4 m osmol, respectively; in group II (halothane) these gradients were reversed: -31.4 m osmol and -33.6 m osmol, respectively (tables I, III).
DISCUSSION
In dogs subjected to the inhalation of halothane 1% (end-tidal) we found increases in water, Na+ and Clc ontent in the grey matter and no significant change in K+ content. In the white matter, only Cl~ content increased significantly (/ > <0.05). These findings existed in the presence of a significant (P<0.05) decrease in total brain osmolality. (Katzman and Pappius, 1973) Arieff and others (1973); n = 10 dogs; mean±SEM Present study; n = 6 dogs; mean±SEM Eichelberger and Richter (1944) ; n = 12 dogs; mean ± SD Pappius (1967) Before determining that the above findings were the result of the inhalation of halothane, we must consider whether or not they may be attributable to technical artefacts. It may be argued first that we do not have a control group, but rather a comparison between measurements taken under pentobarbitone narcosis and under halothane anaesthesia. This appears semantic, since there is clear evidence that barbiturate narcosis does not affect water and ion distribution in the brain (van Harreveld, Hooper and Cusik, 1961; Chan and Quastel, 1970) . These data exclude the possibility that the small induction dose (90-120 mg) of pentobarbitone used in the halothane group of dogs might have any residual effect at the time of sampling (150 min). One source of artefact could be that the difference between the control and halothane group may be a result of a different degree of cerebral trauma during craniotomy and brain sampling. Because barbiturates decrease cerebral blood flow and volume (Lassen and Tweed, 1975) and halothane has an opposite effect (McDowall, 1967) , it may be argued that the oedema fluid in the halothane group derives from the circulating blood volume, or even indicates an increased quantity of blood contaminating the tissue samples. These artefacts, however, can be excluded because circulating blood which is low in K + would dilute brain tissue K+, consequently decreasing the K+ concentration of both grey and white matter. This is contrary to our findings, since brain K + concentration did not change (see table III) .
Second, because plasma osmolality did not change during the inhalation of halothane, there would be no reason for a plasma-brain osmotic gradient. On the contrary, total brain osmolality decreased by 31 m osmol in the halothane group. A third potential artefact is that the increase in Na+ and Cl~ content is only apparent and the result of a chemical analysis of solutes and water obtained from a tissue after it has been destroyed and may not accurately measure the concentration of the ions in vivo (there would be a tendency to overestimate Na+ or K+ 3 or both, part of which had been bound by a tissue component destroyed during preliminary ashing). This hypothesis cannot stand since brain osmolality was decreased instead of being increased. For the above reasons, we believe that our findings represent a metabolic response of the dog brain to halothane inhalation. In this context, we shall consider first the changes in the grey matter, then Cl~ in the white matter and finally the apparent paradox of the decrease in brain osmolality.
Changes in the grey matter
An increase in Na+ content of grey matter dry weight means that cerebral cortex has gained Na+; Cl~ and water accompany the excess Na+. This indicates also oedema of the cerebral cortex because the grey matter gained 3.7% water. These findings are analogous to those reported by Baetman and van Harreveld (1973) in rats and mice pretreated with 6-aminonicotinamide, a metabolic inhibitor. When these animals were sacrificed after pretreatment, the results showed an increase of 13% in the uptake of brain water and increases in Na+ and Cl~ which were limited to the grey matter, while K+ did not change. Swelling was restricted to the glial cells, which resulted in a moderate decrease in brain extracellular space. Another analogy to our findings in their studies is that the onset of brain oedema in their pretreated animals was presaged by a 25% increase in the low frequency (1 kHz) brain electrical impedance. Halothane invariably causes an increase, although of a lesser magnitude, in the low frequency (1 kHz) brain electrical impedance (Schettini and Moreshead, 1978) . Baetman and van Harreveld (1973) believed that 6-aminonicotinamide, by incorporating in NAD (nicotinamide adenine dinucleotide) or NADP (nicotinamide adenine dinucleotide phosphate), or both, blocked the oxidation of NADH or NADPH, or both. This inhibition interfered with the energy necessary for the Na/K pump, thus allowing Na+, Cl~ and water to accumulate in the grey matter. Similarly, evidence from other laboratories suggests that clinical concentrations of halothane interfere with ion transport mechanisms across cell membranes (Ueda, 1965; Cohen and Marshall, 1968) . In a recent monograph, Rapoport (1976) has categorized the oedema limited to the grey matter as metabolic oedema, in that the active ion transport mechanisms across cell membranes are inhibited, resulting in intracellular accumulation of Na + in excess of K + that is lost while Cl~ and water accompany the excess Na+.
Based upon our studies and the supportive evidence listed above, we believe that halothane-induced oedema fits into this category of brain oedema, at least for alveolar concentrations of 1% or greater.
White matter ClT
he increase in Cl~ in the white matter cannot be readily explained. It could be that measured Cl~ is the halogen of a halothane metabolite or intermediary metabolite that has bound with intracellular phospholipids (Van Dyke and Wood, 1975) . Alternatively, the increased Cl~ reflects an increase in member permeability or altered membrane transport for this anion, or both. It has been suggested (Katzman and Pappius, 1973) that Cl~ is transported actively in and out of c.n.s. cells by active mechanisms that are not linked to the Na/K pump.
Brain osmolality
The discrepancy between c.s.f. osmolality and brain osmolality deserves some comment. An artefactual decrease in osmotic activity, secondary to loss in molecular carbon dioxide or release of bound water, could have occurred when we boiled the frozen tissue sample before measuring the supernatant freezing point depression, but the losses in carbon dioxide or gain in water are far too small (Arieffet al., 1972) to account for our deficit. Furthermore, they were not seen in the control dogs (group I). In our opinion the c.s.f.-brain osmotic gradient may be explained in three ways.
(1) The brain is lagging behind in adjusting its intracellular osmolality in response to alteration in intracellular solutes and water. In rabbits subjected to acute hyperosmolality for 1 h, Arieffand co-workers (1972) observed that brain tissue osmolality lagged behind c.s.f. and plasma osmolality by 5 m osmol and 14 m osmol kg" 1 , respectively. When the acute hyperosmolality was sustained for 4 h, the osmotic gradient disappeared. In our halothane group, however, the c.s.f.-brain osmotic gradient was considerably greater (33 m osmol).
(2) There may be a decrease in the availability of osmotically active intracellular cations, because of an increase in the binding of cations. It is believed that normally about 20% of intracellular Na+ or K+ or both is bound in the brain (Katzman and Pappius, 1973) . Presumably, the surplus cations are bound to intracellular lipoproteins (Christensen and Hastings, 1940 ) and brain tissue macromolecules (Schettini and Moreshead, 1978) . It has been proposed that, in hyper-and hypo-osmolahty syndromes, a change in intracellular binding of Na+ or K+ influences the genesis of "idiogenic osmoles"* in the brain, which would account, at least in part, for the discrepancy between the net gain or loss of cellular solute and the expected change in brain tissue osmolality (McDowell, Wolf and Steer, 1955; Holliday, Kalayci and Harrah, 1968 ; Arieff, Guisado and Lazarowitz, * Undetermined intracellular solute, which can be osmotically activated or inactivated, depending upon the experimental conditions (Arieff and Guisado, 1976). 1977 ). An increase in the binding of cations in our experiments could have been secondary to conformational changes in brain tissue lipoproteins, as induced by the anaesthetic molecule (Eyring, Woodbury and D'Arrigo, 1973) . A major objection to this hypothesis is that when brain tissue osmolality is extracted with boiling water (Appelboom et al., 1958) , we would expect the bound cations to be released and osmotically active again upon boiling the frozen tissue sample. This did not happen.
(3) The brain failed to adjust its intracellular osmolality because of a deficit in intracellular free amino acids. In both vertebrates and invertebrates, Baxter and his colleagues (Baxter and Ortiz, 1966; Baxter, 1968; Shank and Baxter, 1973) have documented that brain tissue free amino acids (glutamine, glutamate, GABA, aspartate and alanine) and the specific activities of several related enzymes were sensitive to changes in the osmotic environment of the brain. In rats made hypernatraemic, Lockwood (1975) found that brain content of glutamine increased and accounted for 20% of the discrepancy between the sum of brain cations and expected brain volume.
With the inhalation of halothane, a decrease in intracellular osmotically active amino acids in the brain could have occurred, because either the rate of amino acid efflux was increased or the rate of synthesis was decreased, or both. An increase in the efflux rate could have been prompted by the intracellular accumulation of Na+, because of ATPase inhibition (Hammerstad and Cutler, 1972) . A decrease in the rate of synthesis could have occurred because either glucose flux through the carboxylic cycle was reduced or transamination was diminished, or both. Unfortunately, studies of free amino acids in brain tissue and of specific related enzyme activities during the inhalation of halothane are conflicting and incomplete (Amakata and Greene, 1969; Biebuyckand Hawkins, 1972; Biebuyck, Dedrick and Scherer, 1975; Cheng and Brunner, 1975; Hulands, Beard and Brammall, 1975) .
In conclusion, the present results and impedance findings reported earlier (Schettini and Moreshead, 1978) indicate that the inhalation of alveolar halothane 1% causes metabolic brain oedema. However, the mechanism underlying brain tissue hypo-osmolality seen with halothane remains unclarified. It could be related to an unsteady state of distribution of intracellular water and solutes or a decreased availability of osmotically active amino acids, or both, in the brain. Winer, B. J. (1971 . Ces etudes ont ete recommencees sur six autres chiens apres que ceux-ci aient £te exposes pendant une heure a l'inhalation d'halothane a 1% (fin du volume courant); il y a alors eu une augmentation (P<0,05) dans la teneur en en Na + , Cl~ et en eau, mais aucun changement dans la teneur en K + de la matiere grise; dans la matiere blanche seul le Cl~ a augments (P<0,05). Ces constatations ont ete associees a une diminution de l'osmolalite totale du cerveau (P<0,05) et a une pente osmotique negative du cerveau-liquide cerebrospinal de la citerne. Les changements qui se sont produits dans la matiere corticale grise ont 6te interprets comme etant un signe clinique caracteristique d'un oedeme metabolique du cerveau relie a l'interference avec les mecanismes de transport eau-ions a travers les membranes des cellules. Le deficit dans l'osmolalite cerveau-liquide cerebrospinal que l'on a constate pourrait etre reli6 a un decalage dans le temps de l'ajustement intracellulaire eau-corps en solution ou a un deficit en amino acides agissant par osmose sur le cerveau, cree par l'agent anesthesiant, ou encore par ces deux causes.
REGENWASSER UND ELECTROLYTISCHE VERTEILUNG WAHREND DER INHALATION VON HALOTHAN

ZUSAMMENFASSUNG
Die Gehirnkonzentrationen von Na+, K + und C~, der Wassergehalt und die gesamte Gehirnosmolalitat wurden bei sechs normokapnischen Hunden unter PentobarbitonNarkose (SOmgkg-1 ) gemessen. Diese Studien wurden bei sechs weiteren Hunden nach Aussetzung auf die Einatmung von 1% Halothan (Ausatmung) wiederholt; dabei gab es einen Anstieg (P<0,05) von Na+, Cl~ und des Wassergehalts, doch keine Veranderung von K + in der grauen Substanz, doch allein in der weissen Substanz stieg Cl~ an (P<0,05). Diese Resultate wurden mit einem Sinken der gesamten Gehirnosmolalitat (P < 0,05) und mit einem negativen osmotischen Gefalle der zerebrospinalen Flussigkeit in der Gehirnzisterne in Zusammenhang gebracht. Die Veranderungen in der grauen kortikalen Substanz wurden als Form eines metabolischen Gehirnodems aufgrund von StOrungen der Wasserionenverbreitung durch die Zellmembranen interpretiert. Die beobachtete mangelnde Osmolalitat von Gehirn und zerebrospinaler Fliissigheit wurde entweder auf eine verspatete Adjustierung der intrazellularen WasserlOslichkeit oder auf den Mangel an osmotisch aktiven Gehirn-Aminosauren aufgrund des Narkosemittels oder auf beides zuriickgefiihrt.
DISTRIBUCION DEL AGUA CEREBRAL Y DEL ELECTROLITO DURANTE LA INHALACION DE HALOTANO
SUMARIO
Se midieron las concentraciones de Na+, K+ y Cl~, del contenido de agua y de la osmolalidad cerebral total en el cerebro de seis perros normocapnicos sometidos a narcosis por pentobarbitona (30 mg kg" 1 ). Se repitieron dichos estudios en seis perros adicionales, despues de exponerlos durante 1 h a una inhalacion de halotano al 1 % (extremorespiratorio)j hubo un aumento (P<0,05) del Na + , Cl~ y del contenido de agua, pero ninguna alteraci6n del contenido de K + en la materia gris, mientras, en la materia blanca, aumentaba unicamente el Cl" (P<0,05). Se atribuyo esos resultados a una disminuci6n de la osmolalidad cerebral total (P < 0,05) y a un gradiente osmotico negativo cerebral-f.c.e. de los espacios cerebrates. Se interpreto a las alteraciones de la materia cortical gris como siendo una manifestacidn de un edema cerebral metabolico relacionado con interferencias en los mecanismos de traslado de los iones-agua a traves de las membranas de las celulas. El deficit de osmolalidad f.c.e.-cerebral observado podria relacionarse con un retardo en el ajuste de la soluci6n acuosa intracelular o con un deficit de aminoacidos cerebrales osm6ticamente activos inducido por el agente anestetico, o con ambos.
